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Fig.3
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HYDROXYAPATITE, COMPOSITE,
PROCESSES FOR PRODUCING THESE, AND
USE OF THESE

FIELD OF ART

The present invention relates to a novel hydroxyapatite
that resembles a constituent of bones and can be used for
various tissues such as artificial bones and medical
materials, a complex having this hydroxyapatite, and a
production method thereof. The present invention also
relates to use of the hydroxyapatite or the complex in the
manufacture of an artificial tissue and a medical material,
utilizing the hydroxyapatite or the complex.

BACKGROUND OF ART

Main layers of tissues such as a bone and a tooth consist
of 1norganic solid substances that resemble hydroxyapatite
(sometimes abbreviated hereinbelow as HAp). It is known
that ceramic materials having biocompatibility can be used
for fixing damaged bones and teeth. Known examples of
such materials include “Bioglass” (trade name, manufac-
tured by Nippon Electric Glass Co. Ltd., Otsu. Siga. Japan,
containing Na,O—Ca0O—Si0,—Pi0;), which is used
mainly as a restorative material in dental surgery, a sintered
compact of HAp (Ca,,(PO,).(OH),) that is used mainly as
a bone filling material, and a crystallized glass containing
apatite and wollastonite (CaO—S10,) (trade name “Cera-
bone A-W”, manufactured by Nippon Electric Glass Co.
Ltd., Otsu. Siga. Japan) which is used for an artificial
otoconite or an 1lium spacer.

There have been made attempts to cover a surface of a
material having high strength such as a metal with these
ceramic materials for producing a bone substitute. Further,
there has been developed a so-called biomimetic process,
that 1s, a method for forming a HAp layer on a surface of
various organic high molecular materials that can readily be
processed, for application to production of artificial tissues
other than bones that has flexibility and durability.

This biomimetic process 1s performed as follows: intro-
ducing glass particles containing as principal constituents
CaO and S10, 1mto an aqueous solution having the same 1on
concentration as that of human body fluid (simulated body
fluid); immersing an organic high molecular material therein
to have many apatite cores formed on the surface of the
organic high molecular material; taking the organic high
molecular material out of the simulated body fluid; and
immersing the organic high molecular material in a solution
having 1.5 times the 10n concentration of the simulated body
fluid. It 1s reported that, by this biomimetic process, the
apatite cores grow naturally on the organic high molecular
material to form a desired thickness of a bone-like HAp
layer that is compact and homogeneous (J. Biomed.Ma-

ter.Res. vol.29, p349-357(1995)).

However, the rate of generation of HAp 1n this biomimetic
process 1s so slow that even the long reaction time, such as
more than two weeks, 1s not sufficient for obtaining the
organic high molecular material having the HAp thereon
that can be used as an artificial bone.

The aforementioned ceramic materials are required to
have biocompatibility such that the materials can bind to live
bones. Researches as to composition and configuration have
been made to obtain such biocompatibility. Recently, 1t has
been found out that the crystal structure of the ceramic
materials 1s as 1important as the composition and the con-
figuration thereof for improving biocompatibility. For
example, 1t 1s known that the crystal structure of a human
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2

bone shows specific diffraction peaks shown 1n FIG. 10 1n
X-ray diffractometry (Biomaterials, 11, p568-572, 1990).

However, HAp having a crystal structure that resembles
such a structure of the human bone 1s not hitherto known.
For example, although the HAp obtained by the aforemen-
tioned biomimetic process 1s reported to be a bone-like HAp
layer, 1t does not have such a crystal structure.

DISCLOSURE OF THE INVENTION

The first object of the present 1nvention 1s to provide a
novel hydroxyapatite having the composition and the crystal
structure that resemble those of bones and exhibiting an
excellent biocompatibility, and a production method thereof.

The second object of the present 1nvention 1s to provide a
method for producing a hydroxyapatite that can produce a
hydroxyapatite having the composition and the crystal struc-
ture that resemble those of bones and exhibiting an excellent
biocompatibility, in an extremely high production rate and
cfficiency.

The third object of the present invention 1s to provide a
complex that has a hydroxyapatite having excellent biocom-
patibility and a bone-like crystal structure, and that 1s useful
as a medical material, an artificial bone and various artificial
tissues other than bones that are required to have flexibility,
as well as a production method of such a complex.

The fourth object of the present invention 1s to provide a
method for producing a complex by which a hydroxyapatite
having excellent biocompatibility and a bone-like crystal
structure can be produced 1n an extremely high rate and
efficiency, and by which a complex useful as a medical
material, an artificial bone and various artificial tissues other
than bones that are required to have flexibility can readily be
obtained.

The fifth object of the present mvention 1s to provide a
fissue such as an artificial bone having a hydroxyapatite that
has the composition and the crystal structure which resemble
these of bones, and that has excellent biocompatibility.

In developing a biocompatible material for an artificial
bone and various tissues having flexibility and durability, the
present 1nventors made extensive researches for production
method of a novel hydroxyapatite that resembles inorganic
solid substances constituting bones not only 1n the compo-
sition but also 1n the crystal structure. As a result, the present
inventors found out that a novel hydroxyapatite which
resembles bones 1n the crystal structure as well as the
composition can be produced by alternately immersing a
substrate such as an organic high molecular polymer or
various metals 1 a solution containing calcium 1ons and
substantially free of phosphate 10ons, and 1n another solution
containing phosphate 1ons and substantially free of calcium
1lons, to complete the present mnvention.

That 1s, according to the present invention, there 1s
provided a hydroxyapatite consisting essentially of Ca,,
(PO,).(OH),, and having a crystal structure that causes
diffraction peaks at 31-32° and 26° in X-ray diffractometry
(referred to hereinafter as “HAp of the present invention™).

According to the present invention, there 1s also provided
a method for producing the hydroxyapatite comprising the
steps of (A) immersing a substrate in a first aqueous solution
which contains calcium 1ons and 1s substantially free of
phosphate 1ons and 1in a second solution which contains
phosphate 1ons and 1s substantially free of calcium 1ons, to
produce the HAp of the present mvention at least on a
surface of the substrate; and (B) recovering the HAp of the
present 1nvention from the substrate.
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According to the present imnvention, there 1s further pro-
vided a complex having the HAp of the present invention at
least on a surface of a substrate.

According to the present invention, there 1s further pro-
vided a method for producing the complex comprising the
step of (A) immersing a substrate in a first aqueous solution
which contains calcium 1ons and i1s substantially free of
phosphate 10ons and a second solution which contains phos-
phate 1ons and i1s substantially free of calcium 1ons, to
produce the HAp of the present mnvention at least on a
surface of the substrate.

According to the present invention, there 1s further pro-
vided an artificial tissue consisting essentially of the HAp of
the present mvention or the complex.

According to the present mvention, there i1s further pro-
vided use of the HAp of the present invention or the complex
in the manufacture of a medical material.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a scheme 1llustrating the steps 1n Example 1 in
which a polyvinyl alcohol (abbreviated hereinbelow as
PVA) gel 1s immersed in a calcium chloride solution and in
a sodium hydrogenphosphate solution to produce HAp of
the present invention.

FIG. 2 1s a graph showing a relation between time and
swelling ratio as a result of immersion of the PVA gel i the
calcium chloride solution and 1n the sodium hydrogenphos-
phate solution.

FIG. 3 1s a chart showing the X-ray diffraction of a PVA
oel having swelling ratio of 10.4, the X-ray diffraction of the
PVA gel after immersing the gel alternately i the calcium
chloride solution and 1n the sodium hydrogenphosphate
solution one time each, and the X-ray diffraction of the PVA
oel after immersing the gel alternately in the calcium chlo-
ride solution and 1in the sodium hydrogenphosphate solution
five times each.

FIG. 4 1s a set of microscopic photographs showing the
formation of HAp of the present invention on the PVA gel.
(a) is a photograph of the PVA gel, (b) is a photograph of the
PVA gel after immersing the gel alternately i the calcium
chloride solution and i1n the sodium hydrogenphosphate
solution one time each, and (c) is a photograph of the PVA
oel after immersing the gel alternately 1n the calcium chlo-
ride solution and the 1in sodium hydrogenphosphate solution
five times each.

FIG. 5 1s a set of microscopic photographs of cross-
sections of the PVA gel showing the formation of HAp of the
present invention on and/or in the PVA gel. (a) is a photo-
oraph of the cross-section of the PVA gel after immersing the
oel alternately 1n the calcium chloride solution and in the
sodium hydrogenphosphate solution one time each, (b) 1s a
photograph of the cross-section of the PVA gel after immers-
ing the gel alternately in the calcium chloride solution and
in the sodium hydrogenphosphate solution five times each,
(¢) 1s a photograph of the cross-section of the PVA gel after
immersing the gel alternately in the calcium chloride solu-
tion and 1n the sodium hydrogenphosphate solution ten times
each, and (d) 1s a photograph of the cross-section of the PVA
oel after immersing the gel alternately 1n the calcium chlo-

ride solution and in the sodium hydrogenphosphate solution
fifteen times each.

FIG. 6 1s a graph showing the relation between the amount
of HAp of the present invention formed on the PVA gel in
cach cycle and swelling ratio of the PVA gel, wherein one
cycle 1s defined as a series of operations of immersing a PVA
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4

ogel having a swelling ratio of 4 to 30 alternately 1n the
calcium chloride solution and 1n the sodium hydrogenphos-
phate solution one time each.

FIG. 7 1s a graph showing the relation between the
swelling ratio of the PVA gel and the amount of HAp of the
present mvention formed on and/or in the PVA gel after
certain cycles of immersing operation, wherein one cycle 1s
defined as a series of operations of 1mmersing a PVA gel
alternately 1n the calctum chloride solution and 1n the
sodium hydrogenphosphate solution one time each.

FIG. 8 1s a graph showing the relation between the
number of cycles for the PVA gel at each swelling ratio and
the ratio of the formed HAp of the present mmvention on
and/or in the PVA gel, wherein one cycle 1s defined as a
serics of operations of immersing a PVA gel alternately 1n
the calcium chloride solution and 1n the sodium hydrogen-
phosphate solution one time each.

FIG. 9 1s a chart showing the result of X-ray diffraction for
the crystal structure of HAp formed by the biomimetic
process 1 Comparative Example 1.

FIG. 10 1s a chart showing the result of X-ray dif
for the crystal structure of a human bone.

raction

PREFERRED EMBODIMENTS OF THE
INVENTION

The composition of the HAp of the present invention 1s
substantially Ca,,(PO,)(OH),. The present HAp has a
crystal structure that causes diffraction peaks at least at
31-32° and 26° in X-ray diffractometry, which peaks are
specific for those of the crystal structure of human bones. As
the apparatus for observing the X-ray diffraction, “Geiger-
flex 2013” (trade name, a product of Rigaku Co., Tokyo,
Japan) may be used. The X-ray diffraction may be per-

formed with CuKa/30 kv/15 mA X-ray at the scan speed of
2°/min.

The HAp of the present invention that substantially has a
composition of Ca,,(PO,)(OH), may further contain impu-
rities that inevitably enter during, €.g., production steps. The
HAp of the present invention that substantially has compo-
sition Ca,(PO,)s(OH), may also contain apatite carbonate
and/or apatite which partially lacks Ca due to affection of
carbonate 1ons that exist in the solutions for the production.
The crystal structure of the present HAp may further cause
peaks other than the aforementioned specific diffraction
peaks in X-ray diffractometry, as long as 1t resembles that of
human bones.

The HAp of the present invention may be produced by
two essential steps that are (A) immersing a substrate in a
specific first aqueous solution and another specific second
solution to form HAp of the present invention at least on the
surface of the substrate, and (B) recovering the HAp of the
present invention from the substrate.

The specific first aqueous solution for the step (A) con-
tains calcium 1ons and 1s substantially free of phosphate
ions. Since existence of the phosphate 1ons 1s liable to
decrease the rate of HAp generation, the first aqueous
solution usually contains the calctum 1ons and 1s completely
free of the phosphate 1ons. Examples of the first aqueous
solution may include a calcium chloride aqueous solution, a

calcium acetate aqueous solution, a tris-buffered calcium
chloride solution, a tris-buffered calcium acetate solution,

and mixtures thereotf.

Considering rate and efficiency of HAp generation, the
calcium 10ns concentration of the first aqueous solution may
preferably be 0.01 to 10 mol/l, and more preferably 0.1 to 1
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mol/l. When the first aqueous solution 1s a tris-buifered
solution, pH thereof may preferably be 6 to 10, and more
preferably 7.4, but not limited thereto.

The specific second aqueous solution for the step (A)
contains phosphate 1ons and 1s substantially free of calcium
1ons. Since existence of the calctum 1ons 1s liable to decrease
the rate of HAp generation, the second aqueous solution
usually contains the phosphate 10ons and 1s completely free of
the calcium 1ons. Examples of the second aqueous solution
may include a sodium hydrogenphosphate aqueous solution,
an aqueous solution of sodium dihydrogenphosphate or
ammonium dihydrogenphosphate, a tris-buffered sodium
hydrogenphosphate solution, a tris-buffered solution of
sodium hydrogenphosphate or ammonium
dihydrogenphosphate, and mixtures thereof.

Considering rate and efficiency of HAp generation, the
phosphate 10n concentration of the second aqueous solution
may preferably be 0.01 to 10 mol/l, and more preferably 0.1
to 1 mol/l. When the second aqueous solution 1s a tris-
buifered solution, pH thereof may preferably be 6 to 10, and
more preferably 7.4, but not limited thereto.

Examples of the combinations of the first aqueous solu-
fion and the second aqueous solution may include a com-
bination of the calctum chloride aqueous solution and the
sodium hydrogenphosphate solution, and a combination of
the calcium acetate aqueous solution and the solution of
sodium dihydrogenphosphate or ammonium
dihydrogenphosphate, but not limited thereto.

The first aqueous solution and the second aqueous solu-
fion may further contain other 1ons as long as these 1ons are
not harmful for achieving the object of the present invention.
Existence of 2.5 mM or more of magnesium ions (Mg=*) is
not preferable since 1t possibly forms tricalcium phosphate
(TCP).

The substrate for the step (A) is not particularly limited as
long as 1t 1s not soluble in the first and the second aqueous
solutions. Examples of the substrate may include an organic
high molecular polymer, various metals, and various ceram-
ICS.

The organic high molecular polymer may be
polyurethane, polyethylene, polypropylene, polyester,
nylon, polycarbonate, Tetflon, or a silicone elastomer. The
molecular weight of the organic high molecular polymers 1s
not particularly limited. The configuration thereof is not
particularly limited either, but may preferably be in the form
of plate, film, membrane, cylinder, mesh or fiber.

Examples of a particularly preferable organic high
molecular polymer may include a hydrophilic cross-linked
higch molecular polymer that turns into a gel form upon
contacting with an aqueous solution. Employment of the
hydrophilic cross-linked high molecular polymer enables
formation of the HAp of the present invention not only on
the substrate but also 1nside of the substrate. In addition, this
also enables easy formation of the resulting HAp of the
present mvention 1n a desired shape.

Although cross-linking degree of the hydrophilic cross-
linked high molecular polymer 1s not particularly limited,
the polymer may preferably be a hydrogel material that
swells 1n the first and the second aqueous solutions to gelate.
In order to increase production efficiency of the present
HAp, 1t 1s preferable to employ a hydrogel material having
high swelling ratio. Examples of such material may include
hydrogel materials mainly made of synthetic or natural
organic polymers such as polyvinyl alcohol, polyethylene
olycol, poly-y-glutamic acid, collagen, glucosylethyl meth-
acrylate (GEMA), a partially sulfated GEMA, mucopolysac-
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charide (such as hyaluronic acid), and fibronectin, and
copolymers having units of these polymers. Particularly, a
partially cross-linked hydrophilic resin that can give hydro-
oel 1s preferable. Specific examples thereof may include a
cross-linked polyvinyl alcohol, polyacrylamide, polyethyl-
ene agarose, and collagen. The cross-linked polyvinyl alco-
hol may be produced by partially cross-linking the polyvinyl
alcohol with a difunctional aldehyde such as glutaraldehyde.

Examples of the various metals may include stainless,
titanium, platinum, tantalum, cobalt, chromium,
molybdenum, and alloys of two or more of these metals; and
sol-gel products containing titantum such as a titania gel.

In the step (A), the substrate may be immersed in the first
aqueous solution and in the second aqueous solution 1n
accordance with methods such as (1) performing once or
more cycles of operation of immersing the substrate in the
first aqueous solution followed by immersing the substrate
in the second aqueous solution, and (2) performing one or
more cycles of operation of immersing the substrate in the
second aqueous solution followed by immersing the sub-
strate 1n the first aqueous solution. By repeating the cycles,
an 1ncreased amount of the HAp of the present invention
may be obtained. The number of cycles may usually be 2 to
20 times, and preferably 5 to 10 times. In the case of
repeating the cycles according to the aforementioned
method (1), the final immersion does not have to be in the
second aqueous solution, but may be in the first aqueous
solution. Similarly, in the case of repeating the operation
according to the aforementioned method (2), the final
immersion does not have to be 1n the first aqueous solution,
but may be 1n the second aqueous solution.

The duration for immersing the substrate in the first
aqueous solution may suitably be selected considering the
rate and efficiency of the HAp generation. The total immer-
sion time may usually be 10 minutes to 7 days, preferably 30
minutes to 3 days, and more preferably 1 hour to 24 hours.
The duration for immersing the substrate in the second
aqueous solution may also suitably be selected considering,
the rate and efficiency of the HAp generation. The total
immersion time may usually be 10 minutes to 7 days,
preferably 30 minutes to 3 days, and more preferably 1 hour
to 24 hours. When the immersing cycles of the substrate 1n
the first and second solutions are repeated, the duration for
cach 1mmersion may suitably be selected considering the
aforementioned preferable total immersion time.

Temperature of the aqueous solutions upon 1immersing the
substrate 1n the solutions may suitably be selected consid-

ering the rate and etficiency of the HAp generation, and may
usually be 0 to 90° C., and preferably 4 to 80° C.

By the above step (A), the HAp of the present invention
may be formed at least on the surface of the substrate. By
selecting the material and configuration of the substrate, the
HAp of the present invention may be formed not only on the
substrate but also inside of the substrate. On the surface of
the substrate, the HAp of the present invention may usually
be formed as a layer. A complex of the HAp of the present
invention and the substrate obtained by the step (A) may be
used as the complex, artificial tissue and medical material of
the present mvention which will be discussed later.

For preparing the HAp of the present invention, step (B)
1s subsequently performed for recovering the HAp of the
present 1nvention from the substrate.

The method for recovering 1s not particularly limited as
long as 1t can separate the HAp of the present invention. For
example, when the organic high molecular polymer is
employed as the substrate, the HAp of the present invention
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may be recovered by baking the complex of the present HAp
and the substrate produced in the aforementioned step (A) at
a high temperature, preferably 600° C. or more, to burn and
remove the organic high molecular polymer.

The obtained HAp of the present mnvention as it 1s may be
used for producing various medical materials. Alternatively,
the HAp may be processed into a desirable shape or may be
subjected to various known baking treatments or surface
freatments to obtain various medical materials.

The complex of the present invention has the HAp of the
present 1nvention at least on the surface thereof, and,
depending on the sort and shape of the substrate, may also
have the HAp inside of the substrate. The HAp of the present
invention formed on the substrate 1s usually 1n a form of a
layer. The thickness of the layer may suitably be selected in
accordance with the sort and configuration of the substrate,
and the use of the complex. For example, the thickness of the
HAp layer of the present invention on the complex 1is
preferably about 0.0001 to 5 mm. The complex may be
formed 1n various shapes by suitably selecting the shape of
the substrate, or by processing the complex mto a desired
shape.

The complex of the present invention may thus be utilized
as various arfificial tissues such as an artificial bone, by
suitably selecting the sort or shape of the substrate, or by
processing the complex into a desired shape. For example,
employment as the substrate of an organic high molecular
polymer having flexibility such as a hydrogel material
results 1n a complex having elasticity, capability of main-
taining the shape like a cartilage and excellent biocompat-
ibility of the present HAp. Such a complex exhibits good
adhesion with muscles, high elasticity and high durability
against twisting 1n an organism, and can therefore be used as
various artificial tissues that cannot be produced with prior
art ceramic materials.

The complex of the present invention maybe prepared by,
e.g., the aforementioned step (A). Preferable examples of the
substrate therefor may include the aforementioned examples
of the substrate. Depending on the use of the complex,
suitable one may be selected among the examples. After the
step (A), the step of processing into a desired shape or the
step of baking or surface treatment that are publicly known
may be performed.

Since the HAp of the present invention resembles bones
in both composition and crystal structure, it 1s useful as
various fissues such as an artificial bone.

EXAMPLES OF THE INVENTION

The present mvention will be explained more in detail
with reference to the following Synthesis Examples,
Examples and Comparative Examples. However, the present
invention 1s not limited thereto.

Analysis and measurement 1n Examples were performed
as follows:

(1) X-ray diffractometry was performed with “Geigerflex
2013” (manufactured by Rigaku Co., Tokyo, Japan) and
CuKa/30 kv/15 mA X-ray at the scan speed of 2°/min.

(2) Swelling ratio of hydrogels (SR,(%)) was measured at
25° C. by immersing the cross-linked high molecular
polymer 1n each aqueous solution for a predetermined
time to form a cross-linked gel, wiping the residual water
off the surface of the gel, and weighing the gel. The
swelling ratio was calculated according to the following
equation:

(SR1(%))=((W-W;)/W)x100
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In the equation, SR, stands for the swelling ratio of the
hydrogel, W, stands for the weight of the sample substrate
before treatment, and W stands for the weight of the sample
substrate after water absorption.

(3) The amount of HAp formation on the cross-linked
polymer PVA gel was calculated according to the follow-
ing equation:

Amount of HAp formation=(dry weight of complex of PVA and
HAp)-(dry weight of PVA)=(dry weight of the complex of
PVA and HAp)-(wet weight of PVA)/(1+SKR,)

In the equation, SR, stands for (SR,/100).

Synthesis Example 1

To a 10 wt % aqueous solution of PVA having average
polymerization degree of 2000 and saponification ratio of
99.5% (manufactured by Wako Pure Chemical Industries,
Ltd.), a predetermined concentration of glutaraldehyde
(manufactured by Nakarai Chemical Co., the concentration
for cross-linking was varied in the range of 0.2 to 3 mol %)
and 1IN HCl (manufactured by Wako Pure Chemical
Industries, Ltd.) were added. The mixture was left stand for
2 days to synthesize 4 sorts of PVA gels having a thickness
of 1 mm. Each resulting PVA gel was swelled in water for
3 days. The swelling ratio of each gel was determined to be
4.1, 10.4, 16.8 and 30.1. After washing these gels, discs
having a diameter of 1 cm were stamped out from these gels,
which were used as sample substrates in the following
Examples.

Comparative Example 1

Formation of HAp by Biomimetic Process

30 ml of an simulated body fluid having a similar ion
concentration to that of a human plasma (SBF: Na™142 mM,
K*5.0 mM, Mg>*1.5 mM, Ca**2.5 mM, Cl'148 mM,
HCO, 4.2 mM, HPO,>"1.0 mM, SO,>~0.5 mM) was mixed
with bioactive glass (CaO—Si10,) (glass G) particles. 100
mg of the gel material disc made of a PVA gel (cross-linking
agent concentration 1 mol %, swelling ratio 18) was
immersed 1n the mixture for 2 days. Temperature of the

simulated body fluid during immersion was maintained at
36.5° C.

The immersed PVA gel was further immersed 1in 30 ml of
another simulated body fluid having 1.5 times the 1ion
concentration of the aforementioned simulated body fluid,
for 8 days. Temperature of the simulated body fluid during
immersion was maintained at 36.5° C., and this simulated
body fluid was exchanged once m two days. After finishing
immersion, the PVA gel was washed with distilled water,
and dried at room temperature. The result of X-ray difirac-
tion analysis of the resulting HAp 1s shown 1n FIG. 9.

From the result in FIG. 9, 1t 1s seen t hat the HAp formed
by the biomimetic process has a different crystal structure
from that of the present HAp shown 1n FIG. 3 and that of a
human bone shown 1 FIG. 10.

In the above biomimetic process, the amount of HAp
produced in 24 hours of reaction at 37° C. after formation of
cores was measured and found out to be about 0.08 mg.

Example 1

Four sorts of PVA gel sample substrates obtained 1n the

Synthesis Example 1 were each immersed 1n 10 ml of a 200
mM CaCl,/Tris-HCI aqueous solution (pH7.4, liquid tem-
perature of 37° C.) for 2 hours (this immersing operation in
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the solution containing calcium 1ons 1s referred to herein-

below as “immersion (1)”). Subsequently, water was wiped

with Kimwipe off the surface of the sample substrates. The

wiped sample substrates were then immersed in 10 ml of a

120 mM Na,HPO,, aqueous solution (liquid temperature 37°

C.) for 2 hours (this immersing operation in the solution

containing phosphate 1ons 1s referred to herembelow as

“immersion (i1)”"). This alternate operation of the immersion

(1) and immersion (i1) is referred to as one cycle. 1 to 15

cycles were performed, and the following observation, mea-

surement and analysis were performed. Scheme of this

alternate immersing operation 1s shown in FIG. 1. In FIG. 1,

10 1s a sample substrate (PVA gel), 11 1s a CaCl,/Tris-HCI

(pH 7.4, liquid temperature 37° C.) aqueous solution, and 12

is a Na,HPO, aqueous solution (liquid temperature 37° C.).

(1) Swelling ratio of the sample substrate PVA gel with
respect to the duration of immersion (1) and immersion (11)
was measured. The results are shown 1n FIG. 2. In FIG.
2, 21 shows the relation between the duration of immer-
sion (1) and swelling ratio, and 22 shows the relation
between the duration of immersion (ii) and swelling ratio.
From the results in FIG. 2, 1t 1s seen that the swelling ratio

of the PVA gel does not significantly change after about two

hours from the beginning of the immersion (1) or (ii).

(2) X-ray diffraction analysis was performed for a HAp
formed on a sample substrate after the alternate 1mmer-
sion of the sample substrate (PVA gel) having the swelling
ratio 10.4. The results are shown 1n FIG. 3. In FIG. 3, 30
1s the result of X-ray diffraction for the sample substrate
before alternate immersion, 31 i1s the result of X-ray
diffraction for HAp formed on the sample substrate after
one cycle of the alternate 1mmersing operation, and 32 1s
the result of X-ray diffraction for HAp formed on the
sample substrate after 5 cycles of the alternate 1immersing
operation. Those formed on the sample substrate by one
or five cycles of alternate 1mmersion were analyzed by
EPMA (Electron Probe Micro Analysis) method with an
apparatus Shimadzu EMX-SM (manufactured by Shi-
mazu Co., Kyoto, Japan). As a result, it was found out that
the composition thereof was substantially Ca,,(PO,),
(OH),.

From the results mn FIG. 3, it 1s seen that both HAps
generated by 1 or 5 cycles of alternate 1mmersion have
diffraction peaks at 31-32° and26°, and that the peak inten-
sity thereof increases as the number of cycles of the alternate
IMmErsion INcCreases.

(3) Observations by taking photographs were performed for
an HAp formed on the surface of the sample substrate
(PVA gel) having a swelling ratio of 10.4 by the alternate
immersion. The results are shown in FIG. 4. In FIG. 4, (a)
is a photograph of the sample substrate (PVA gel), (b) is
a photograph of the surface of the sample substrate after
one cycle of the alternate immersion, and (c) is a photo-
oraph of the surface of the sample substrate after five
cycles of the alternate 1immersion.

From the results in FIG. 4, 1t 1s seen that the sample
substrate PVA gel becomes white as the number of cycles of
the alternate immersion increases. In the photograph (c)
taken after five cycles of the alternate immersion, slight
shrinkage of the PVA gel of the sample substrate 1s observed.
(4) The state of the HAp formed inside the sample substrate

(PVA gel) having a swelling ratio of 10.4 after the

alternate 1mmersion was observed by microscopic pho-

tographic observation of the cross-section of the sample
substrate under the magnification of about 13. The results
are shown in FIG. 5. In FIG. §, (a) is a photograph of the
cross-section of the sample substrate (PVA gel) after one
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cycle of the alternate immersing operation, (b) is a pho-

tograph of the cross-section of the sample substrate (PVA

gel) after five cycles of the alternate immersing operation,

(c) is a photograph of the cross-section of the sample

substrate (PVA gel) after ten cycles of the alternate

immersing operation, and (d) 1s a photograph of the
cross-section of the sample substrate (PVA gel) after
fifteen cycles of the alternate 1immersing operation.

It 1s seen from results 1n FIG. 5 that white crystals of HAp
were formed on the surface of the sample substrate after one
cycle of the alternate immersing operation, and that forma-
tion of the crystals progresses from the surface to 1nside of
the sample substrate as the number of cycles of the alternate
immersing operation increases up to 5, 10 or 15 cycles.
(5) With four sorts of sample substrates each having a

different swelling ratio, relation was determined between

the amount of HAp formation on and/or in the sample
substrate per cycle and swelling ratio of the sample

substrate. The results are shown 1 FIG. 6. In FIG. 6, 60

1s the result of the sample substrate having a swelling ratio

of 4.1, 61 1s the result of the sample substrate having a

swelling ratio of 10.4, 62 1s the result of the sample

substrate having a swelling ratio of 16.8, and 63 1s the
result of the sample substrate having a swelling ratio of

30.1.

The relation between the swelling ratio of the four sub-
strates and the amount of HAp formed on and/or in each
sample substrate after a certain cycles of immersing opera-
tion 1s plotted. The result 1s shown 1 FIG. 7.

Further, the relations between the ratio of the formed HAp
on and/or 1n the sample substrates having various swelling
ratio and the number of cycles were plotted. The results are
shown 1n FIG. 8. In FIG. 8, 80 1s the result of the sample
substrate having a swelling ratio of 4.1, 81 1s the result of the
sample substrate having a swelling ratio of 10.4, 82 1s the
result of the sample substrate having a swelling ratio of 16.8,
and 83 the result of the sample substrate having a swelling,
ratio of 30.1.

From the results 1n FIGS. 6 to 8, it 1s seen that a sample
substrate having higher swelling ratio tends to give a larger
amount and ratio of HAp formation, and that production
ciiciency of HAp can be controlled 1n a degree by selecting
the immersion time and the number of cycles. Further, 1t 1s
seen that, with the sample substrate having a swelling ratio
of 16.8, about 8 mg of HAp has been produced after the sixth
cycle, that 1s, 24 hours from the beginning of the immersion.
Comparing this result with the aforementioned result 1n
Comparative Example 1, HAp production rate in the method
of this Example 1s 100 times faster than the prior art
biomimetic process.

What 1s claimed 1s:

1. A method for producing a hydroxyapatite consisting
essentially of Ca,,(PO,).(OH), and having a crystal struc-
ture that causes diffraction peaks at 31-32° and 26° in X-ray
diffractometry comprising the steps of:

(A) immersing a substrate in a first aqueous solution
which contains calcium 10ns and is substantially free of
phosphate 10ons and 1n a second solution which contains
phosphate 10ns and 1s substantially free of calctum 10ns,
to produce the hydroxyapatite at least on a surface of
the substrate; and

(B) recovering the hydroxyapatite from the substrate.

2. A method for producing a complex comprising a
substrate and a hydroxyapatite consisting essentially of
Ca,,(PO,)(OH),, and having a crystal structure that causes
diffraction peaks at 31-32° and 26° in X-ray diffractometry
at least on a surface of said substrate comprising the step of
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immersing a substrate 1 a first aqueous solution which
contains calcium 1ons and 1s substantially free of phosphate
ions and 1n a second solution which contains phosphate 10ns
and 1s substantially free of calcium 1ons, to produce the
hydroxyapatite at least on a surface of the substrate.

3. A method for manufacturing a medical material, which
COMprises:

(A) immersing a substrate in a first aqueous solution
which contains calctum 10ns and is substantially free of
phosphate 10ns and 1n a second solution which contains
phosphate 10ons and 1s substantially free of calcium 1ons,
to produce a hydroxyapatite consisting essentially of
Ca,,(PO,)(OH),, and having a crystal structure that
causes diffraction peaks at 31-32° and 26° in X-ray
diffractometry at least on the surface of the substrate;

(B) recovering the hydroxyapatite from the substrate; and
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(C) manufacturing a medical material using the hydroxya-

patite formed.

4. A method for manufacturing a medical material, which
COMPrises:

(A) immersing a substrate in a first aqueous solution

which contains calcium 10ns and 1s substantially free of
phosphate 10ns and 1n a second solution which contains
phosphate 10ons and 1s substantially free of calcium 1ons,
to produce a complex having a hydroxyapatite consist-
ing essentially of Ca,,(PO,).(OH),, and having a crys-
tal structure that causes diffraction peaks at 31-32° and
26° 1n X-ray diffractometry at least on the surface of the
substrate; and

(B) manufacturing a medical material using the complex

formed.
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